Although body size and muscle mass increase considerably during growth in children, certain aerobic responses to exercise appear to be regulated so that the delivery of oxygen to muscle is maintained at optimized levels. We proposed that the relationship between oxygen uptake, (Voz) and heart rate (HR) was one of the regulated responses. We further hypothesized that the increase in Vo2 per increase in HR during progressive exercise would differ in subjects of different size, but when normalized to body weight would be constant since changes in muscle mass are highly correlated to changes in body mass. To test this, we performed a cross-sectional study of 107 normal children, 50 girls and 57 boys ranging in age from 6 to 17 years. The protocol consisted of a continuously increasing work rate on a cycle ergometer, to the limit of the child's tolerance (ramp forcing function). Gas exchange was measured breath-by-breath for the determination of Voz, and heart rate was measured beat-by-beat. We used linear regression techniques to.determine M, the slope, and B, t h e y intercept of the equation: Vo2 = M X HR -B. In both boys and girls, M increased significantly with body weight, but when normalized for body weight (Mlkg), there was no systematic change with increasing weight or age, the mean value being 0.33 +I 0.10 ml/min/kg (SD). The mean value for the boys was 0.37 f 0.10 which was significantly greater than that of the girls (0.29 f 0.08, p < 0.01). Using allometric equations, we found M, B, and the O2-pulse (VoZ/HR) at a heart rate of 140 beatslmin and at the anaerobic threshold, all scaled in direct Received July 8. 1983: accepted February 7. 1984. Reprint requests may be addressed to Dan M. Cooper, M.D. A-15 Annex, Halbor-UCLA Medical Center. Torrance, CA 90509.
proportion to body weight (i.e., to 1.0 power of body weight). We conclude that during growth, the output of the heart is closely tied to the size of the muscles so that delivery of oxygen during exercise is maintained at optimized levels from early in childhood.
Abbreviations vo2, oxygen uptake
Vozmax, maximum oxygen uptake AT, anaerobic threshold HR, heart rate SV, stroke volume (a -V)Oz, arteriovenous oxygen content difference
We have recently demonstrated that certain aerobic parameters of exercise appear to be highly regulated as body weight changes during gro?h in children. The work efficiency and the response time for V O~ following the onset of exercise are independent of body size, whereas the Vo2max and the A T increase in direct proportion to body weight (6). Moreover, the Vo2 increases linearly with work rate in both adults and children (6, 19) indicating that as more muscle units are activated, the flow of oxygen is optimized so that a unique work efficiency is maintained at virtually all levels of energy demand. In addition, other investigators have shown that the relationship between Vo2 and HR is linear during progressive exercise in children, and that the Vo2-HR relationship changes in a systematic way as children grow (I, 9) .
Based on these observations and on the concept that the cellular milieu must be maintained within, a narrow range of temperature and pH, we proposed that the Vo2-HR relationship COOPER ET AL. The relationship between VO, and HR during progressive exercise in an 8-and 17-year-old subject. Linear regression techniques were used to evaluate the linear portion of the VOZ-HR relationship (see text). The subjects were compared by calculating 1) the slope of the line, M (AVO~~AHR): 2) the y intercept, B; and 3) the x intercept, as illustrated. during exercise was regulated throughout growth in order to optimize oxygen transport to working muscle cells. The increase in Vol per heart beat as exercise progresses would be related to factors such as stroke volume and hemoglobin concentration. Consequently, in a given individual during a progressive exercise test, the Vo2-HR relationship tends to be constant (Fig. I ), but is likely to vary with the,size of the subject. We hypothesized that the increase in the V O~ per increase in heart beat during exercise would differ in subjects of different size, but when normalized to body weight (an estimate of muscle mass) would be constant. To test this, we examined the slope (M), and the y intercept (B) of the Vo2-HR relationship as shown in Figure 1 and as given by the equation:
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We used a cross-sectional study and examined the relationship between Vo2 and HR during progressive exercise in a large number of normal children. Recent work has shown that the response of Vo2 and HR to progressive exercise is complex, and that nonlinearities often occur in the transition between work rates or at the onset of exercise: the kinetic phase of Oz uptake ( Fig. 2) (1 1). Furthermore, above the AT, since some ATP is produced anaerobically, Vo2 may not reflect all of the mechanical work done by the exercising subject. We therefore restricted the analysis of the Vo2-HR relationship in progressive exercise to the region which followed the early dynamic phase and up to the AT.
Accurate, well standardized measurements of muscle mass are not currently available. However, existing evidence suggests that, during childhood, the ratio of muscle to body mass increases slightly with age in boys and decreases slightly in girls, remaining relatively constant when considering all children (12) ; thus, the changes in body mass (weight) reflect the changes in muscle mass. We therefore hypothesized that M should increase in proportion to body size in such a way that the ratio of M to body weight would be independent of the child's size.
MATERIALS AND METHODS
Population. All subjects were volunteers obtained through local schools, community organizations, and members of the hospital staff. We excluded children with obesity, those with a history of chronic disease of any organ system, or childrefi who were not allowed to participate in normal physical education programs at
Pedalling Ramp-TI ME Fig. 2 . HR and V O~ response to a ramp protocol in a 10-year-old girl. The input used in these studies consisted of a ramp work rate forcing function (as shown). Following an initial lag (response time for vo2), vo2 increases linearly with work rate. The Vo2-HR lines in this study were analyzed in the region following the response time for voz up to the AT. The AT was determined noninvasively by gas exchange techniques as described in the text. Note the decrease in the slope of the HR response after the AT in this subject.
school. No attempt was made to select children who were particularly active; i.e., we did not recruit through physical education or sports programs.
107 children, 57 boys and 50 girls, ranging in age from 6 to 17 years, comprised the study population. 114 children were originally tested of whom five were excluded because the anaerobic threshold could not be determined by gas exchange techniques, and two were excluded because of technically poor recording of HR. Age, weight, and height profiles of our study Testing was done usually in the late afternoon (after school) or at various times on weekends. The subjects were told that they would be doing one hard exercise test on a special bicycle and that they would feel like they were riding up a hill. We told them to try as hard as they could to get to the "top of the hill." The protocol consisted of a ramp forcing function (2 1) utilizing an electronically braked cycle ergometer (Godart). Subjects began by cycling at 0 watt (unloaded) work rate for 3-4 min as a warm-up phase. Work rate was then continuously incremented in a linear ramp pattern. An example of the Vo2-HR relationship with a ramp protocol is shown in Figure 2 .
A suitable slope of the ramp (the increase in work rate per minute) was determined for each child based on our own initial studies and the previous demonstrations that the AT determined by gas exchange techniques is independent of the ramp slope (8) . In general, for children from 6 to 9 years of age, the ramp slope was 10 W/min; from 10-13, 15 W/min; and from 14-17,20 W/ min. For certain adolescents who were deemed to be quite fit by history, ramp slopes as high as 40 W/min were chosen. The mean time for the ramp (not counting the warm-up) was 9 min. The children were instructed to raise their hand when they could not continue, and upon this signal, the work rate was reduced to 0 W.
In an additional 17 subjects, the relationship between Vo2 and heart rate was assessed by measuring the steady-state values at two separate work rates: 0 W and 80% of the AT.
The children maintained as constant a pedaling rate as possible between 50 and 70 rpm during the test with a pedaling rate meter in full view and a metronome which could be activated at the discretion ofthe investigator. A servomechanism in the electronic braking system of the ergometer maintained the input work rate independent of pedal frequency to an accuracy of 1 % within this range.
Measurement ofgas exchange and HR. The subjects breathed through a low resistance valve (Hans Rudolph). For children less than 12 years old, a 40-ml deadspace valve was used and for those 12 and above, a 90-ml valve. Inspiratory and expiratory airflows were measured by two pneumotachographs (Fleisch No. 3), attached to the inspiratory and expiratory ports of the breathing valves, and by two variable reluctance manometers (Validyne, MP45). The expiratory pneumotachograph was maintained at a constant temperature of 37°C by a thermal feedback device. This system was calibrated before each session by inputting known volumes of room air at various mean flows and flow profiles. Respired PO? and Pco2 were determined by mass spectrometry (Perkin-Elmer MGA 1 100) from a sample drawn continuously from the mouthpiece at 1 ml/sec. Precision-analyzed gas mixtures were used for calibration of the mass spectrometer. The system was found to be stable throughout the period of the study. Heart rate was measured beat-by-beat using three anterior chest leads and the EKG was in continuous view via a high persistence ECG oscilloscope (Hewlett-Packard).
The electrical signals from these devices underwent analog-todigital conversion (Hewlett-Packard No. 1050). for the on-line, breath-to-breath determination of O2 uptake ( V O~ STPD), C02 output (Vco2 STPD), expired ventilation (VE BTPS); respiratory exchange ratio R (Vco2/Vo2); ventilatory equivalent for oxygen and for carbon dioxide (vE/v02, VE/VCO~); end-tidal partial pressures of oxygen and carbon dioxide (PE702, PETco~) and 0 2 -pulse (Vo2/HR) as previously described (4) . The data from each test were displayed on line (Beckman R711 Dynagraph) and stored on digital tape for subsequent analysis. Analysis of gas exchange data: Vqmax. We took the Vo2max as the highest V O~ achieved by the subject.
AT. The AT indicates the onset of metabolic acidosis during exercise ( 19, 20) and was determined from gas exchange data by finding the oxygen uptake at which VE/VO~, PE702, and R increase (hyperventilation with respect to 0 2 ) without an increase in VE/Vcor or a decrease in PETCOZ Hyperventilation with respect to 0 2 without concomitant hyperventilation for C02 occurs during buffering of a metabolic acid by HC03-.
Anal-vsis of Vq-HR relationship. As shown in Figure 2 and Equation 1, we analyzed the relationship of Vo2 to HR by considering the data only in the region bounded by the dynamic phase of oxygen uptake kinetics at the onset of exercise and the AT. As demonstrated previously in these subjects (6), the response time of Vo2 averaged 43 + 15 sec (SD), and the AT occurred at a mean of 60 +,9% of the Vo2max.
While M is defined as AVo?/AHR, the O2 pulse is defined as Vo2/HR. The 01-pulse can be considered in terms of Vo2, stroke volume, the arteriovenous 0, content difference, and HR by using the Fick equation:
which is equivalent to: Dividing through ~~u a t i b n 1 by HR gives:
Consequently, the 0,-pulse changes hyperbolically as a function of HR (Equation 4) approaching M asymptotically (Fig. 3) . Furthermore, the rate of change of the 02-pulse as a function of increasing HR can be found as the first derivative of Equation 4 with respect to HR and is given by the expression B/HR2 which allows comparison of the characteristic 02-pulse curve in subjects of different size. Examples of the 07-pulse as a function of heart rate are shown for a 8-year-old and a 17-year-old in Figure 3 . The 02-pulse was considered at several different points during exercise. It was measured at a heart rate of 140 beatslmin which represents a midrange of exercise for both small and large children, this heart rate being achieved after the dynamic phase at the onset of exercise but before the AT in almost all subjects. In addition, we measured the 02-pulse at the AT.
Scaling metabolic rate to body size. In characterizing the relationship between body size and metabolic function, comparative physiologists have used allometric equations which have the form:
in which Y represents metabolic rate or function such as 02-pulse, mass represents body weight, and c is the scaling factor. Body weight is most commonly used for body size because neither cell size nor body density varies significantly with body size among different mammalian species. Thus, the body mass is an estimate of the number of cells, and scaling metabolic function to body weight can be used to identify how cell function changes with differences in body size (10, 14, 16) . Allometric equations are solved by taking the log-log transform and using linear regression techniques to find the slope (the scaling factor) of the following relationships:
log Y w c x log mass (6) A scaling factor equal to 1 indicates that the metabolic rate represented by Y increases in direct proportion to body weight.
Statistical analysis. Standard techniques of linear regression were used. Differences between slopes of regression equations. were assessed using the t test. Comparison of multiple means was done by analysis of variance and modified t test by the method of Bonferroni (1 8). Results are presented as mean -I-SD.
RESULTS
Relationship between V@ and HR. We chose to limit the analysis of the Vol-HR relationship to the region below the AT as we had previously noted nonlinearities at higher work rates. In this study, there was no change in M above the AT in only 36% of the subjects; in 23% it increased; in 41% the slope decreased. Within our selected range, the mean correlation coefficient between Vo7 and heart rate for the group as a whole was 0.68 + 0.2 1 (using linear regression techniques). However, these values were not normally distributed, the mode being between 0.8 and 0.9. The lowest correlation coefficients were found in the younger children, and tended to increase with age (r = 0.55 for the correlation coefficient as a functjon of age). This occurred for several reasons: first, the range of VO? was much smaller in the younger subjects; thus, the effect of "respiratoiy noise" on the gas exchange measurements was proportionally greater. Second, some younger children would "start and stop" exercise during the test period resulting in a somewhat greater degree of heart rate variation.
In the 17 subjects tested with the steady-state protocols, there was no significant difference between the AVo2/AHR and those obtained from the ramp test ( p < 0.01).
Slope. In both boys and girls, M increased significantly with body weight and height (Fig. 4, Table 2 ). The slope was significantly greater in boys than in girls ( p < 0.01 by t test). However, when the slope was normalized to body weight (Mlkg), we found no systematic change in the population as a whole with increasing weight or age (Fig. 5) . The mean value for the boys was 0.37 + 0.10 ml/min/kg and was significantly greater than the value of the girls, 0.29 k 0.08 ( p < 0.01). For the group as a whole, the mean value was 0.33 + 0.10.
The scaling factor for M a s a function of body weight did not differ significantly from 1.0 (Table 3) . In contrast, the scaling factor for Mas a function of body height is 3.0 which is consistent with our previous finding in these children that height scales to body weight to the 0.33 power (6) .
HR and V@ intercept. B, the V O~ intercept ( y intercept), increased significantly with body weight in both boys and girls; however, it was not as highly correlated as M (Table 2) . Moreover, B increased more rapidly with body weight in boys than it did in girls. When normalized for body weight, B was not significantly correlated to age (r = 0.19) and its scaling factor for the population as a whole did not differ significantly from 1.0 (Table 3) .
The HR intercept (x intercept) of the VO~-HR relationship is found by dividing M by B. The HR intercept was not correlated to body weight (r = 0.04). For the study population as a whole, the mean of the HR intercept was 67 + 16 beatslmin. For the boys, the mean was 68 + 16 beatslmin, and for the girls, 66 + 16 beatslmin. There was no significant difference in the values between the boys and the girls. Fig. 5 . The slope M of the Vo2-HR relationship normalized for body weight (Mlkg) as a function of age. There was no systematic change for M/kg in the population as a whole, but values for boys were significantly higher than for girls. Oxygen-pulse. The 02-pulse at the A T and at a heart rate of (6, 12 , and 17 years old, respectively) derived from our data. Note that the x intercept is virtually unchanged despite the differences in the size of the children.
140 beatslmin increased significantly with weight in both boys and girls (Table 2, Fig. 7A ). The slope of these relationships in girls was significantly lower than in the boys ( Table 2 ). For the whole study population, the scaling factor for the 02-pulse at the AT and at 140 beats/min as a function of weight did not differ from a factor of 1.0 ( Table 3) .
The 02-pulse at 140 beatslmin was highly correlated to the subject's AT, r = 0.88 (Fig. 7 B ) . In contrast to the findings of 02-pulse as a function of body weight (Table 2) , the regression slope for the 02-pulse as a function of AT did not differ significantly between the boys (slope = 7.2 x and the girls (slope = 5.8 X
DISCUSSION
Consistent with our hypothesis, we found that the relationship between Vo2 and heart rate when normalized to body weight did not change with growth in a large group of children (Fig. 5 ). The data demonstrate that both M and B scale in direct proportion to body weight ( Table 3) : thus. not only does the amount of oxygen extracted per heart beat during exercise increase in direct proportion to body mass, but the shape of the 02-pulse curve as exercise progresses (Eq. 4). its rate of change at a particular heart Fig. 7 . A, the 02-pulse at a heart rate of 140 also increased with body weight in boys and girls. The regression slope for the boys was significantly higher than for the girls (Table 2) . B, the 02-pulse at a heart rate of 140 increased systematitally with AT; however, there was no significant difference between the regression slopes of the boys and girls. rate (BIHR"), is also directly proportional to body mass. These data suggest that, during growth, the cardiorespiratory and musculoskeletal systems are integrated so that oxygen flow during exercise is "optimized" to meet the energy requirements of the muscle cells despite the changes in body size.
Certain inferences about growth-related changes in cardiac output can be made from our measurements of V O~ and heart rate. Direct measurements of stroke volume and (a -V)02 during exercise are rarely available in normal children; thus, the ability to indirectly quantify these variables from noninvasive measurements assumes additional importance. At rest, the (a -V)02 is the same in adults and children (I 5); thus, the 02-pulse is directly proportional to the stroke volume and can be used to compare the relative magnitudes of the stroke volume in children as they grow (Eq. 3). Previous workers have found that the resting 02-pulse scales to body weight to the power of 1, implying that the resting stroke volume increases in direct proportion to body weight (2) . Data from other investigators suggest that during exercise the (a -3)02 in children differs from that in adults only at higher work rates where it may be slightly larger (3). We found that the 02-pulse during moderate levels of exercise, at the A T and at a heart rate of 140 beatslmin, also scales in direct proportion to body weight ( Fig. 7A; Table 3 ), and this implies that the stroke volume increase (which occurs early in exercise) is proportionally similar in subjects of widely different size.
As shown in Figures 4 and 5 and Table 2 , the differences between the exercise responses of the boys and girls become evident above the age of 12-1 3 years corresponding, in general, to the onset of puberty. There is evidence that the proportion of muscle mass to body weight is higher in boys than in girls, and that these differences become more prominent at puberty (13) . If an accurate measurement of muscle mass could be made, a difficult determination in vivo, then the magnitude of the slope per kg muscle would likely be less different between the boys and girls. Furthermore, iron deficiency anemia is more common among teenage girls than boys ( 9 , and this, too, may affect O2 transport during exercise, thereby resulting in a relative tachycardia for a given exercise Yo2.
We reasoned that if the Vor-HR response were correlated to a more functional index of muscular oxygen utilization than body weight alone (the AT, for example), then the differences between the boys and girls, seen so clearly when body weight was used, would be lessened. In Figure 7B , the 02-pulse at 140 beats/min is plotted as a function of the AT, and, as expected, the gender differences were virtually eliminated. Nonetheless, there remains a great deal of variation in the Vor-HR response within each group at any particular weight. Consistent with this are the findings of Davies and Sargeant (7) who showed improvement in Vo2max without apparent increases in muscle mass in subjects who underwent a program of training a single,leg. Thus, while muscle size itself is a major determinant of the Vor-HR response during growth in children, other factors such as mitochondria1 and capillary density, or levels of oxidative enzymes, also are likely to play an important role in the development of the cardiorespiratory response to exercise.
As shown in Figure 6 , the slope of the VO,-HR relationship in children of different sizes can be schematized to demonstrate the increasing slopes as weight increases. However, as the slope increases, the x intercept appears to be unchanged and is independent of body size in normal children. Is there any physiologic significance to this imaginary heart rate when Vo2 is zero? One speculation is that the cardiovascular system, similar to other hydraulic systems, needs to be "primed" at some heart rate and stroke volume (i.e., cardiac output). The x intercept might, therefore, reflect elastic properties of the heart and blood vessels, and would be expected to become abnormal in various disease states.
The concept of "symmorphosis," recently introduced by Taylor and Weibel (17) as a model of how the structure of oxygen delivery systems differ in mammals of widely different sizes, holds that "animals are reasonably built," in that the formation of structural elements is regulated to satisfy but not exceed the requirements of the functional system. However, they conceived of the "requirements" of the system only in terms of maximal levels. We propose that dynamic characteristics of the system, those occurring in the transition between different metabolic requirements, may be equally as important constituents of the system's requirements since the demands imposed on most creatures in daily life rarely require maximal metabolic responses; rather, they vary in intensity and duration.
In this, context, our finding that the dynamic relationship between Vo2, HR, and body weight are constant during growth in children identifies a set of "regulated" parameters of cardiorespiratory function during growth and can be used to quantify the relationship between structure and function in normal children. Moreover, oxygen flow may become abnormal in congenital diseases of the heart or in childhood diseases involving the lung and blood vessels. The measurement of the regulated parameters of exercise during growth, as proposed in this paper, may prove useful in understanding the consequences of such impairment on growth and development of the oxygen uptake and delivery systems in children.
